Microgravity induces stress, and the brain is one of the targets that is more influenced in this environment. Alteration in transcription factors can have enormous effect because of discrepancy in the signaling process of the cells. Activator protein-1 (AP-1) is a stress-regulated transcription factor and is involved in the regulation of physiological and pathological stimuli that include cytokines, growth factors, and stress signals. In the present study, an attempt has been made to observe the effect of a microgravity environment on the activation of AP-1 in the mouse brain. Our results show that AP-1 transcription factor is activated in simulated microgravity conditions in different regions of the brain. The activation of the AP-1 is dependent upon the increased kinase activity of c-Jun NH-terminal2 kinase-1. These results suggest that microgravity stress in the brain can elicit AP-1 activity.
INTRODUCTION
Microgravity has a profound effect on the brain that results from both direct and indirect factors. The changes encountered under a microgravity environment result in gradual loss of cerebral circulation in the brain. Effects due to such changes have been shown to evoke alteration in the brain electrical activity, coupled with epileptiform discharges triggered primarily in the hippocampus system of the temporal lobe and further spreading into the other brain systems (Adey, 1964 (Adey, , 1972 Harm et at., 2001) . Results from these studies have indicated that changes in the brain under induced microgravity might be a useful tool to investigate neurobiological and behavioral responses to stress. This approach may provide insight into the mechanisms underlying development and plasticity of the nervous system. In addition, localization of atrial-natriuretic factor (ANF)-like immunoreactivity was investigated in the brain and heart of the tree frog, Hyla japonica, by indirect immunofluorescence technique. The results from this study showed that amygdala contained highly stained ANF-immunoreactive cells and fibers compared with ground-based controls (Feuilloley et al., 1993) . Such observations reveal that prolonged exposure to microgravity affects biosynthesis, release of ANF-related peptides, or both, in discrete regions of the amphibian brain.
Studies with gene expression profiling in the brains of spaceThese authors contributed equally to this paper. 2 To whom correspondence should be addressed at Molecular Neurotoxicology Laboratory/Proteomics Core, Department of Biology, Texas Southern University, 3100 Cleburne Avenue, Houston, Texas 77004. E-maih ramesh-gt@ tsu.edu flown rats have indicated changes in immediate early genes (IEGs). The gene expression changes in medullary and basal forebrain, which are thought to play an important role in the integration of autonomic and vestibular signals, may regulate neural adaptations in space flights (Pompeiano et al., 2004) . Moreover, studies to trace the cytomorphology of glial cells showed alterations in microfilament and intermediate filaments leading to cytoskeletal damage (Uva et al., 2001) . Recently, we have shown that in hindlimb suspension model, generating simulated microgravity in mice, induced oxidative stress in the brain and increased lipid peroxidation in various regions of the brain .
The changes in the neuronal activity result in vegetative deficits that occur during different space flight conditions. Some of the IEGs, namely c-Fos, are indicators of neuronal activity and plasticity (Pompeiano et al., 2001 ). In the brain, the activity of neuronal functions has been a concern because it relates to the fluid nature of the gray and white matter of the brain and also because of its enclosure within the skull. The activator protein-1 (AP-1) transcription factor is mainly composed of Jun, Fos, and ATF protein dimmers (Wagner, 2001) . It mediates gene regulation in response to a large number of physiological and pathological stimuli, including cytokines, growth factors, stress signals, bacterial and viral infections as well as oncogenic stimuli (Hess et al., 2004) . AP-1 induces its activity that controls both basal and inducible transcription factors and is best described in several genes containing the consensus sequence named as AP-1 binding sites (5'-TGAG/CTCA-3') (Karin et al., 1997) . AP-1 is activated under oxidative stress in rat cardiomyocytes, thus allowing the additional role of this transcription factor under redox conditions (Wu et at., 2005) . Microgravity en-SIMULATED MICROGRAVITY AND AP-1 97 vironment induces stress that implicates that AP-1 transcription factor may be envisaged to be active in the brain as an immediate response-activated protein (Stein, 2002; Wise et al., 2005) . In the present study, we have attempted to look for activated AP-1 in brains exposed to simulated microgravity.
MATERIALS AND METHODS
Exposure of mice to simulated microgravity. In small mammals, the tail suspension model has been widely used as a model to simulate microgravity effects (Woodman et al., 1991 (Woodman et al., , 1993 . Studies, predominantly in rodents, have demonstrated that tail suspension has good fidelity to many of the changes that occur in larger mammals during real micmgravity exposure. Therefore, in the present study, we have used mice as an experimental model to study the effect of simulated microgravity in the hippocampus by using the tail suspension method that was performed as described by Felix et ah (2004) and Wise et al. (2005) . We have previously shown in this model that simulated microgravity induced changes in cytokine and reactive oxygen speciesmediated nuclear transcription factor activation in the brain (Felix et al., 2004; Wise et ah, 2005) .
Six-to 8-wk-old male BALB/c mice were obtail~ed from Harlan (Indianapolis, IN). Mice were randomly divided into two groups (n = 20), control and tail suspended, and left for 7 d with free access to drinking water and food. At the end of the experiment, the brain was dissected out, and different regions of the brain were removed, snap frozen in liquid nitrogen, and transferred to -8 0 ~ C for further experiments.
Electromobility shift assay for AP-1 activation. To determine the activation of AP-1, 20 Ixg of protein, extracted from different regions of rat brain as indicated above, was incubated with 20 fmol of the ~t32p-end-labeled AP-1 consensus oligonucleotide 5'-CGCTTGACCGGAA-3' (Santa Cruz Biotechnology, Inc., Santa Cruz, CA) for 15 min at 37 ~ C and analyzed by electromobility shift assay . The specificity of binding was examined by competition with unlabeled oligonucleotide and by supershift of the AP-1 band by antibodies against either c-Jun or c-Fos. Visualization and quantitation of radioactive bands were carried out using a PhosphorImager (Bio-Rad, Herculus, CA).
c-Jun kinase assay. The c-Jun kinase assay was perfbrmed by a modified method as described previously . Briefly, brain extracts from control and microgravity-exposed mice (150-250 ~g/sample) were immunoprecipitated with 0.3 txg anti-c-Jun NH2 kinase (JNK) antibody for 60 min at 4 ~ C. Immune complexes were collected by incubation with protein A/G-Sepharose beads for 45 rain at 4 ~ C. The beads were extensively washed with lysis buffer (four times; 400 Ixl) and kinase buffer (two times; 400 ~1:20 mM HEPES, pH 7.4, 1 raM dithiothreitol [DTT] , and 25 mM NaC1). Kinase assays were perfm~ed for 15 min at 30 ~ C with glutathione S-transferase-Jun (1-79) as a substrate in 20 mM HEPES, pH 7.4, 10 mM MgC12, 1 mM DTT, and 10 I-~Ci of [~32p] ATP. Reactions were stopped with the addition of 15 Ixl of 2• sodium dodecyl sulfate [SDS] sample buffer, boiled for 5 rain, and subjected to SDS-polyacrylamide gel elect~nphoresis (PAGE) (9%). GST-Jun (1-79) was visualized by staining with Coomassie Blue, and the dried gel was analyzed in a PhosphorImager (Bio-Rad). RESULTS AP-1 activation was observed in all the regions of the brain exposed to microgravity compared with their controls. This finding indicates that microgravity stress induces AP-1 activation in all regions of the brain regardless of the region and function of the varied regions in the brain (Fig. 1) . Strong AP-1 binding occurred in the brainstem, cerebellum, frontal cortex, hippocampus, and striatum. The binding of the AP-1 complex to its cognate sequence did not show any difference across all the regions of the brain under simulated microgravity. AP-1 is a complex of c-Jun and c-Fos, and this heterologous complex forms the active AP-1, which then acts as a transcription factor (Wagner, 2001) . To validate the specificity of the binding and to identify the proteins in the complex, we have performed supershift assays with antibody to c-Jun and c-Fos. intensity of the band binding to specific oligonucleotides canying the AP-1 binding site was significantly down-regulated, suggesting that the binding complex consisted of c-Jun and c-Fns. The decrease in the intensity of the bands signifies that the antibodies were directed to the DNA binding site of the proteins. Under such conditions, it is expected that a masking effect could result in decreased binding of the proteins to the oligonucleotide. Moreover, addition of anti-Rel A and preimmune serum did not inhibit the binding of the AP-1 complex to the specific oligonucleotide. Finally, to show the specificity of the binding, we incubated the labeled oligonucleotide in the presence of 1000-fold excess of unlabeled oligonucleotide to compete out the binding of the labeled oligonucleotide. Indeed, the binding was abolished due to the competition and thus validates the specificity of the assay. Together, these observations suggest that microgravity induces stress, which results in activation of AP-1 in all the regions of the brain.
JNK phosphorylates c-Jun to form an active dimer with Fos for transcriptional activity (Wagner, 2001) . Therefore, it is important to observe the active phosphmTlated state of the protein for AP-1 to act as an active transcription factor (Wagnel, 2001) . We have therefore assayed the Jun phosphorylation by JNK-1 in brain extracts from different regions of the brain. As shown in Fig. 3 , all the regions showed phosphorylation of Jun by JNK-1. The total JNK-1 remains unchanged in the control and microgravity-exposed brain regions. To validate the specificity of the assay, the binding reaction was performed in presence of nonspecific antibody Rel A, preimmune serum, and 1000-fold excess of unlabeled oligonucleotide. The gel was dried, and bound complex was detected by exposing the gel to a Phosphorlmager.
We have shown that microgravity can activate AP-1 in different regions of the brain in a terrestrial model of simulated microgravity. Microgravity can induce oxidative stress, and such stress could transduce multiple signals leading to different responses, depending on the strength of the stress (Stein, 2002) . We have reported alteration in the cytokine levels under simulated microgravity conditions in lymph nodes and serum (Felix et at., 2005) . It is also observed that AP-1 is regulated by a broad range of physiological and pathological stimuli, including cytokines, growth factors, stress signals, and infections as well as oncogenic stimuli (Hess et al., 2004) . It therefore seems likely that microgravity-induced stress is responsible for activating AP-1 in different regions of the brain. Because we did not find any marked difference in the binding of AP-1 to its cognate sequence across different regions of the brain, it could be speculated that a common signaling event is turned on by exposure to microgravity. AP-1 transactivation has been reported under microgravity conditions in differentiating osteoblasts, thus suggesting that AP-1 signaling cascade is influenced by microgravity (Granet et al., 2002) .
By using supershift assay, it was is comprised of c-Jun and c-Fos. We in nuclear extracts from the frontal the presence of c-Jun and c-Fos as
We have previously reported the confirmed that the active AP-1 performed the supershift assays cortex, and the results showed the active AP-1 complex. activation of mitogen-activated protein kinase (MAPK) in the brain, which is the upstream regulator for JNK-1 activation, and JNK-1 then can phosphorylate c-Jun, which leads to active Jun . c-Jun is phosphorylated at two residues proximal to the major transactivation domain. These residues (Ser 63 and Set 73) are required to be phospho,~c-lated for efficient transactivation function (Franklin et at., 1992) . The kinases responsible for this modification in vivo are JNKs (Karin et at., 1997; Wagner, 2001) . These kinases bind with very high affinity to a region in c-Jun termed the delta domain. Activation of JNK is therefore necessary to phosphorylate c-Jun. Our results show JNK-1 kinase activity was increased in all the regions of the brain, which in turn led to the formation of active AP-1. Based on our previous report and reports from others, we speculate MAPK should be the active signaling molecule that transduces signals to activate JNK-1 (Hess at at., 2004 Wise et al., 2005) . In conclusion, it may be possible to state that the MAPK-JNK-AP-1 signaling cascade may be activated in the different regions of the brain in a terrestrial model for microgravity.
